Single crystalline ceria samples with the composition Ce0.9Gd0.1O2-δ were pre-polarized with ±5 V for up to 300 s using a Pt coated AFM tip as working electrode. The direct contact zone had a diameter of < 50 nm. Subsequently, the effect of the polarization on the surface potential of the samples was investigated by mapping the introduced defect gradient and its decay with time using Kelvin probe force microscopy. The generated surface potential gradients were found to have a diameter of up to 1 µm, which is explained by the local ionization of defect associates by the applied high electric field. Measurements were performed at room temperature and 50 °C. The polarization behavior of the Ce0.9Gd0.1O2-δ single crystals was compared to cyclovoltammetry and polarization-relaxation experiments at T ≤ 350°C and in dry air or nitrogen which were performed using a specially suited AFM (Controlled Atmosphere High Temperature Scanning Probe Microscope CAHT-SPM by Semilab).
Introduction
Variably doped CeO2 is already widely used as an electrolyte in solid oxide fuel cells or for gas sensor materials in the temperature range between 400-800 °C [1] [2] [3] [4] [5] [6] . Nevertheless, chemical reactions of doped ceria in the low temperature range between room temperature and 300 °C are of increasing interest especially for novel catalytic applications [7] [8] [9] . Even at room temperature, ceria still shows a considerable oxygen buffering capacity, which cannot simply be explained by extrapolation from high temperature results [10, 11] . Systematic electrochemical investigations in the low temperature range and with microscopic resolution will be necessary to fully understand the interplay between surface and bulk reactions and to develop comprehensive theoretical models to explain the low temperature electrochemical behavior.
The high oxygen storage capacity of acceptor doped ceria occurs due to the possibility of a high oxygen vacancy (V O°°) concentration in the structure. Depending on the nature and amount of the dopant, ceria can therefore exclude or include oxygen and thus it is able to control the partial pressure conditions for a variety of chemical processes and this feature is already widely used for catalytic applications. At least at high temperatures, oxygen is incorporated on oxygen vacancies in the structure [12, 13] :
(eq. 1) At lower temperatures, the concentration of defect associates in ceria is thought to increase significantly due to trapping of electrons, allowing also for singly charged (V O°) or uncharged (V O ) oxygen vacancies in close vicinity to Ce 3+ ions [14] [15] [16] . The increase of partly ionized oxygen vacancies changes the electrochemical behavior at low temperatures dramatically. For low temperatures, the common electroneutrality equation for acceptor doped ceria can be extended to [16] , where oxygen on interstitial lattice sites is negligible at or below atmospheric oxygen partial pressure: This study aims at gathering data on local transport processes of 10 cat% Gd doped ceria single crystals in the range from 350 °C to room temperature. So far, electrochemical measurements of high temperature mixed conductors at room temperature are extremely difficult to achieve with standard measurement techniques such as micro contact DC measurements, because the resulting currents are very low. Therefore, Kelvin probe force microscopy (KPFM) represents a possible alternative for a variety of electrochemical experiments, as described in the following sections. The results will possibly also shed light on the mobility of defects on ceria surfaces at low temperature where contradicting findings obtained by scanning probe microscopy have been published [14, 17, 18] .
The composition Ce0.9Gd0.1O2-δ (CGO) was chosen because of the high abundance of literature on the electrochemical characteristics of Gd-doped ceria materials [1, 5, 13, 19] . Hence, our results are easily comparable to "standard" electrochemical measurements.
Theoretical considerations

Kelvin probe force microscopy
Kelvin probe force microscopy (KPFM) is a scanning probe microscopy technique invented by Nonnenmacher et al. [20, 21] . It enables observation of the topography of a sample in combination with the surface potential at a high lateral resolution [22] [23] [24] [25] . The KPFM technique offers a possibility to map local changes in defect concentrations [22, 26] and surface processes [27] , and is therefore ideally suited to investigate the question of the contribution of surface and bulk to the redox activity of ceria. KPFM is performed in intermittent contact mode with the cantilever vibrating at its resonance frequency. During the measurement, an AC potential with a certain frequency and amplitude is applied to the AFM tip. This AC potential is fixed by an additional external voltage UDC which compensates the surface potential difference between sample and probe tip [22] according to A surface plot of the potential difference -UDC during the surface scan of the probe tip yields the KPFM image. The contact potential difference (Δφ CPD ) is proportional to the difference of the work functions of the platinum coated AFM tip and the sample (Δφ CPD = Δϕ e , cf. Fig. 1A ).
The work function is proportional to the difference in the Fermi energy levels of the tip and the sample. Therefore, changes in the defect concentration of the sample can be detected, assuming the work function of the tip is unchanged during the experiments. As the KPFM measurements were not executed in vacuum but in air, an influence of adsorbed water and other adsorbed species on the measurement signal cannot be ruled out. Water acts as a dipole which can be aligned e.g. in an electric field and which can have an additional effect on the KPFM signal. We assume the surface water layer to stay more or less constant throughout our measurements.
Defect concentrations and surface potential
When a metallic electrode (in our experimental setup the platinum coated AFM tip) is in contact with a semiconductor (the doped single crystal), an equilibrium is established, where the electrochemical potential of electrons µ � e , which is equal to the Fermi energy EF,
has to be equal on both sides of the interface. This means
The exchange between the metal and the CGO leads to the development of a space charge region in the electrolyte, which is compensated by an increased charge concentration on the surface of the metallic electrode (see Fig. 1 ).
The Fermi level of the CGO is fixed in a position near the valence band by the concentration of the Gd 3+ acceptor dopant. By applying a bias between sample and tip, charge is redistributed within the material, leading to the introduction of a defect gradient which is accompanied by a local change of the Fermi energy. 
Combining polarization and KPFM measurements
Compared to the high temperature electrochemical behavior, which is mainly described in publications, doped ceria shows a significantly distinguished behavior near room temperature, which was summarized very well by Maier et al. [15, 16, 29, 30] : The ionic conductivity at room temperature is negligible as the oxygen vacancies are in a frozen state. Mainly electrons and holes are assumed to be mobile, but the electronic conductivity of acceptor doped ceria is comparably low even at high temperature [12, 13] .
A first attempt of measuring low temperature transport effects by an approach combining polarization and Kelvin probe force microscopy has already been made by this group for polycrystalline Ce0.8Gd0.2-xPrxO2-δ pellets at room temperature [31] and by Lee et al. for doped ceria thin films [27] . Further, Ding et al. used external polarization of undoped ceria thin films with comparably high DC biases (about 30 V) and parallel time-dependent KPFM mapping at temperatures between 25-135 °C and at variable relative humidity to gather information on proton conductivity at triple phase boundaries. Apart from these KPFM-related studies, Farrow et al. studied the spatial variation of conductance of a ceria thin film on the nanometer scale by AFM current-voltage mapping [32] and Yang et al. studied the effect of adsorbed water on the surface of a ceria thin film during polarization with high positive biases (≥10 V) [33] . All studies showed a distinct polarizationrelaxation behavior of the samples which depends on sample composition, grain size of the samples, temperature, applied bias and the surrounding atmosphere. In contrast to the studies mentioned above, in this work we will focus solely on a single crystalline material to monitor the effect of polarization of the bulk of ceria without interference from grain boundaries.
For the combined polarization-KPFM measurements presented here, the Pt coated AFM tip is used in two different functions: during the polarization of the sample, the tip is applied as a nanosized working electrode. Directly after the end of the polarization experiment, the KPFM mapping is started, where the tip now acts as reference for the contact potential measurements. By comparing a KPFM map of the pristine surface made before the polarization and a sequence of maps taken after the end of the polarization, a gradient of the surface potential directly after polarization and the time dependent decay of this gradient can be monitored.
The setup presented in this work was modelled with Comsol Multiphysics 4.2 (cf. Fig. 2 ) to predict if the effect on the surface potential should show a symmetric (circular) or asymmetric shape due to the asymmetric cell setup with small working electrode and a large silver counter electrode on one side of the sample. As a first working hypothesis, the sample in our case can be assumed to be a dielectric because of the very low charge carrier mobility at room temperature. By applying a voltage between the tip and a large back contact, the sample becomes polarized. Taking into account the conductivity and relative permittivity of the Gddoped ceria sample it was demonstrated that due to the asymmetric cell setup a significant voltage drop during polarization occurs near the cantilever tip while the rest of the sample should not be affected strongly.
When a steady state is reached, the area of changed potential has a circular shape with a slightly flattened penetration in the z-direction in the direct vicinity of the tip (cf. Fig. 2 ). Comparing the diameter of the tip (about 50 nm) with the diameter of the affected area in Fig. 2 , it becomes obvious, that the affected area has roughly two times the size of the tip diameter. The material in our experiments was polarized with up to ±5 V, which means, that the electric field strength in direct vicinity of the tip is very high as the electric flux lines are focused on a very small contact area. The electrical field strength we can derive from the simulation in Fig. 2 is in the area of 5 MV·m -1 .
For similar KPFM-polarization experiments, Lee et al. [27] discussed the role of an adsorbed water layer on the measurements, as all our measurements are executed in ambient air and room temperature. Due to the high field strength in the direct vicinity of the tip during the polarization experiment the adsorbed water film is probably locally dissociated and does not play a role during the polarization itself. Lee et al. showed, that the surface potential of ceria also changes after polarization in a high vacuum environment or at higher temperatures, where the water layer should be negligible. Polarization in vacuum in their work had no effect on the size and intensity of the introduced gradient but the relaxation behavior was strongly affected. Hence, we can safely assume that the influence of the adsorbed water layer can be neglected during polarization in ambient conditions. In our case in first instance, the contribution of the adsorbed species was assumed to stay constant during the subsequent KPFM measurement. Humidity from the surrounding air and unaffected areas of the sample could nevertheless be responsible for filling up part of the created oxygen vacancies as OH -can be incorporated into oxygen vacancies and also proton conductivity can be found for polycrystalline ceria at room temperature [27, 34, 35] . This has already been demonstrated to be of considerable influence for volume expansion of ceria thin films during polarization with high positive biases (≥10 V) by AFM tip [33] . As the applied biases in our study were kept in the range of max. ±5 V, a strong reversible or irreversible change of the surface height of the CGO crystal was not expected and was not found during our study. 
Experimental
Measurement method
Two different scanning probe microscopes (SPM) were used. The general measurement setup can be found in Fig. 2 . Direct current single point measurements with variable atmospheres and temperatures up to 328 °C sample temperature were performed in the controlled atmosphere high temperature (CAHT-2) SPM [36] with an attached Gamry potentiostat. The oxygen partial pressure in the measurement chamber was monitored with a self-made pO2 sensor. The surface temperature was calibrated in a separate experiment where a thermo couple was attached to the surface of the sample.
Measurements in air and at temperatures below 100 °C were conducted with an Keysight 5500 AFM with a heating sample stage using a Lakeshore 331 temperature controller. The sample 6 surface temperature was controlled externally with an IR thermometer. With the Keysight 5500, topography and surface potential are measured simultaneously in single pass mode. For all measurements, either home-made Pt/Ir metal probes with a diameter of roughly 1 µm (for the CAHT-2) or commercially available Pt/Ir-coated probes with a diameter of roughly 50 nm (PPP-NCSTPt by Nanosensors for the Keysight 5500) were used.
KPFM measurements after polarization
For monitoring the effect of the polarization on the surface potential, the AFM cantilever was used as a working electrode to polarize the surface. A Pt wire as counter electrode was fixed on one side of the sample using silver paste. This resulted in an asymmetric cell setup, with a counter electrode in the mm range and a working electrode in the nm range (cf. Fig. 2 ). The electrodes were placed 2-8 mm apart during polarization and subsequent measurements. The measurements were executed in air at room temperature and 50 ± 2 °C using the Keysight 5500 with attached heating sample stage.
For each experiment, an area of the sample surface was chosen and contacted with the cantilever. The area was then polarized using biases of ± 5 V for 300 s. Subsequently, the surface area was scanned again with a sampling rate of one image per minute to monitor the changes of the surface potential at the sample surface. The application of a bias has a similar effect as changing the atmosphere around the sample. A local polarization leads to a confined reduction or oxidation of the sample surface and can be associated with local effects on the surface potential. Similar effects have already been shown for polarization with oxygen conductive perovskites using electrochemical strain microscopy [37] . In contrast to these measurements, the polarization experiments presented here did not lead to a detectable change in the surface topography, which is consistent to experiments by Farrow et al. [32] , who reported irreversible surface damage for polarization of ceria films with currents higher than 1 nA.
Single point polarization-relaxation measurements
For the single point polarization-relaxation measurements, an AFM topography image of the sample surface was obtained first. Subsequently, the cantilever was positioned on a chosen spot on the surface and polarization measurements were executed using a Gamry potentiostate, either with a fixed bias or in form of cyclic voltammetry experiments. Data were obtained at different temperatures up to 328 °C sample temperature and in dry air or N2 atmosphere respectively.
Sample preparation
Cerium (IV) oxide (1549 g; 99.9%; Chempur) and gadolinium sesquioxide (181 g; 99.9%; Chempur) were blended in a powder mixer. Large single crystals (2x2x5 mm 3 ) of the resulting powder were grown using the skull melting technique [38, 39] . The melt was moved over a time of 4:20 h at a rate between 1.5 and 12 mm/h out of the hot zone. The maintained crystals were analyzed by means of X-ray diffraction (crystal structure) and electron beam microprobe (Gd/Ce concentration and homogeneity of distribution). These measurements support the presence of homogenous fluorite-type crystals with the desired composition of Ce0.9Gd0.1O2-δ, denoted as CGO10 in this text.
The CGO10 samples were cut and polished before starting AFM investigations. As they showed a darker color due to oxygen deficiency from the skull melting procedure, they were annealed at 400 °C in air for 4 h and then slowly cooled down to room temperature to reach equilibrium with ambient oxygen partial pressure. Single crystals had a size between 2-6 mm and a thickness of about 1.5 mm.
Results and Discussion
Single point measurements
Cyclic voltammetry (CV) measurements revealed, that currents during polarization with a positive tip bias are extremely low, even at sample temperatures over 300 °C (cf. Fig. 3 ). At 70 °C, no coherent cyclic voltammetry measurement was possible at all (currents were in the low pA region).
Negative tip biases, in contrast, seem to have a strong effect on the Gd-doped single crystal, which increases with increasing temperature. Oxidation and reduction peaks, which form at 328 °C between biases of -2 V and -3 V are thought to represent the Ce 3+ /Ce 4+ redox process (cf. Fig. 3 ). The noise of the cyclic voltammetry measurements was relatively high, as the contact between AFM tip and sample is not as stable as in a 'standard' measurement setup over longer periods of time.
In Fig. 4 , the polarization process during application of -3 V and -5 V is shown at a sample temperature of 254 °C and in dry air. The steady state is already reached at application times of 50 to 75 s. The low signal/noise ratio is on the one hand due to the low currents and on the other hand due to effects of the heating system. From the measurement data, it was calculated, that during a polarization with -5 V for 300 s, a charge of roughly 1.3•10 -5 C is applied to the sample.
Positive biases were not investigated, as the currents were extremely low, which was already indicated by cyclic voltammetry (cf. Fig. 3 ). Fig. 5 illustrates the relaxation of the sample after application of a bias. The sample was polarized for 300 s either in a dry air or N2 atmosphere. In air, the polarization bias was -5 V, while in N2, the sample was polarized with -3 V. Generally, the amount of time until a steady state was reached was observed to increase in N2 atmosphere, but in any case, the effect of the polarization relaxed in less than three minutes. For lower sample temperatures, no coherent measurements were possible anymore, as the currents became too low. At room temperature in air, single point measurements with the 5500 AFM setup (using a special current sensing + KPFM nose cone) showed a steady state current of 12.7 ±3 pA (charge of 3.81 ±0.9 nC which is equivalent to charge transport of roughly 2.38•10 10 ±5.62•10 9 e) for a polarization with -5 V for 300 s. For +5 V for 300 s, the transferred current was below the detection limit of 3 pA (transferred charge < 0.9 nC for the specific measurement time, which equals a charge transfer < 5.62•10 9 e). For each bias value, 64 polarization measurements were evaluated. The results are in good accordance to the the CAHT cyclovoltammetry measurements presented in Fig. 3 , where the observed currents in the region with positive bias are also near-zero, while for negative bias application an increasing current is visible. 
Effect of negative polarization on the surface potential
Investigations showed that a bias of ±5 V is at least necessary to introduce a detectable surface potential gradient in the material. Subsequently, all measurements were executed with an application of ±5 V for 300 s.
Polarization with -5 V for 300 s led to the development of an area with a decreased surface potential, which was in some cases visible up to 45 minutes after polarization, but normally diminished after 15 minutes (see Fig. 6 ). The diameter of the affected area was in the range of 3-4 µm in size, the shape was always roughly circular (see blue to yellow area in the upper right image of Fig. 6 ). After an initial strong increase of the surface potential in the first five minutes, a slower relaxation was observed. At 50 °C, there is already a change of behavior observable for the affected area (cf. Fig. 7 ). The surface potential distribution does not follow a Gaussian distribution anymore, which was the case at room temperature. Instead, the area with the lowest surface potential occurs in a ring-shape around the area, where the tip was positioned during polarization. The area of the tip-sample contact still shows a decreased surface potential, but it is somewhat higher, than that of the surrounding 'ring' (cf. Fig. 7 ). 
Effect of positive polarization on the surface potential
After positive polarization with +5 V for 300 s, the contact area around the AFM tip was found to have an increased surface potential (cf. Fig. 9 ). Compared to negative polarization, though, the effect was significantly less pronounced. ΔΦe was about 500 to 300 mV after positive charge injection compared to a ΔΦe of 800 to 600 mV after negative charge injection. Also, the surface potential effect diminished faster and the surface potential signal was in total more diffuse. The affected area was visible in KPFM for up to 30 minutes.
The decay rate of the gradient was already increased at temperatures of 50 °C, although its diameter was decreased (cf. Fig. 9 ). During the experiments at 50 °C, the effect was visible up to 90 minutes. In contrast to negative polarization, the shape of the gradient was still circular with the minimum at the point, where the tip was positioned during polarization. 
Discussion
For negative polarization, a strong decrease of the surface potential ΔΦe was observed while positive polarization lead to a significant increase of ΔΦe. These effects can be well explained by the initially mentioned concept of band bending of CGO in contact with the metallic, polarized AFM tip.
By comparing the single point polarization-relaxation measurements with the surface potential measurements after polarization, it can be observed that the KPFM investigations show continuous changes of the sample in a time frame long after steady state is reached for the relaxation measurements. Also, KPFM measurements reveal processes induced by polarization in a temperature range, where standard polarization-relaxation measurements are not possible anymore. From cyclic voltammetry measurements it can also be derived that the charge transport for negative polarization is strongly increased compared to positive polarization due to the redox reaction of Ce 3+/4+ due to small polaron hopping between Ce 3+ and Ce
4+
.
This behavior was also observed for the polarization-KPFM measurements. The differences between the behavior after positive and negative polarization -different relaxation times, different diameter of the affected areas and in case of the measurements at 50 °C even different shapes of the defect gradients -clearly show, that the observed variation is not caused by a simple electron redistribution that takes place on the surface. Instead positive and negative polarization triggers two different redox processes. This is in good accordance to the initial idea, that the local defect mobility is directly influenced by polarization with sufficiently high voltages due to ionization of defect associates. A similar difference for cathodic and anodic polarization has been reported by Farrow et al. during assessment of the local spatial distribution of conductance on CeO2 thin films [32] .
For positive as well as negative biases, the lateral dimension of the gradient stays the same after polarization, although ΔΦe is converging to the initial state with time. The relaxation process shows an equal decrease of surface potential over time for the whole area (compare Fig. 6, Fig.  7 , and Fig. 9 ). This shows that after the end of polarization, no further lateral transport of defects occurs. This is in good accordance with the initial hypothesis, that a lateral charge transport is only possible as long as a strong electric field is switched on. In fact, the uniform relaxation can only be caused either by a compensation of the local concentration gradient from the bulk material (i.e. recombination of defects to associates to regain electroneutrality) and/or equilibration with the surrounding gas phase (including OH -molecules from adsorbed water layer).
The variations in intensity of the polarization effect (ΔΦe) were found to mainly depend on the quality of the tip-sample contact during the polarization process. The force on the cantilever was kept constant during all polarization experiments. Still, the AFM tip has a very small diameter and the tip-sample contact can easily be affected by small topographical differences or by the thermal drift from the heating system.
Comparing the diffusion times from the experiments presented here with the diffusion experiments published by Lee et al. [27] for polycrystalline thin films and our own preliminary 15 results for doped ceria thin films and published data for pellets and Yttria-doped single crystals [31] show that the fading of the effect for our monocrystalline material is rather fast, at least for positive bias application. These findings are in good accordance with the idea, that grain boundaries hinder the defect diffusion in a material due to their Schottky-barrier character [40] , but this has to be investigated further. At the same time, this observation can be taken as evidence, that not only the surrounding atmosphere but also the bulk of the material plays a role in the compensation of the introduced defect gradient.
Lee et al. [27] executed measurements in vacuum, where no water layer is observable and still received surface potential gradients after polarization. On the other hand, we can assume that water adsorption on the sample surface is more or less instantaneous when the sample is exposed to humid air. Therefore, the impact of polarization on the water layer would be only measurable for a very short amount of time. Nevertheless, it cannot be ruled out that OH -uptake in the oxygen vacancies plays a role during the compensation of the surface potential gradient.
Remarkably, it was observed, that a minimum bias of ±5 V was needed for the 10 mol% Gd doped single crystal to produce a large enough ΔΦe to be detected by KPFM mapping. We assume that the electric field at these voltages is necessary to fully ionize the oxygen defects to sufficiently enhance defect mobility. The bias is much higher than the value reported by Lee et al. [27] , who were able to see long-term effects in 20 mol% Gd-doped polycrystalline thin films already after application of ±3 V. Results from measurements with 20 mol% Y-doped single crystals also show effects already at ±3 V [31] , while preliminary measurements with single crystals of the composition Ce0.99Ti0.01O2-δ showed no effects up to ±7.5 V bias application. Also, the ΔΦe for 20 mol% acceptor doped single crystals was larger for positive as well as negative bias application (Fig. 10) . In contrast, the diameter of the affected area 60 s after end of polarization is larger for the CGO10.
A B We predict in a first instance that a higher concentration of oxygen vacancies, which is thought to be equal to the acceptor dopant concentration, facilitates the change of defect concentration by polarization at low temperature. As explanation for the different diameters, we assume that the depth of penetration of the polarization effect becomes larger for increased acceptor dopant concentrations. For low acceptor dopant concentrations, in contrast, more of the charge is transported directly in the uppermost surface layers, leading to a larger diameter of the effect for 10 mol% compared to 20 mol% acceptor doped material.
Altogether, we assume the ionization of defect associates to be the most plausible hypothesis to describe the processes during and after polarization. It can be assumed that positive polarization ionizes defects and leads to the local oxidation of Ce 3+ to Ce
. Negative polarization can cause a mobilization of partially ionized defects by allocation of higher Ce 3+ concentrations. A local oxidation of cerium ions as well as higher concentrations of V O°° are assumed to lead to a higher surface potential while a local reduction of cerium ions as well as transport of V O° or V O can be imagined to locally lower the surface potential in addition to the initially mentioned band bending. The observed differences in diameter and intensity of the affected regions can be explained by different activation energies for the respective redox processes and by different mobilities of the generated defect species.
Conclusion
The presented measurement show that KPFM is a versatile tool for measuring and understanding complex electrochemical surface processes at low temperatures, where standard measurement techniques failed due to the very low conductivity of Ce0.9Gd0.1O2-δ. Further, due to the very good lateral resolution, it is possible to probe chosen points of a sample. For future investigations, this rises the opportunity to probe grains and grain boundaries in polycrystalline samples independently.
